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Brillouin Lasing with a CaF2 Whispering Gallery Mode Resonator
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4800 Oak Grove Drive, Pasadena, CA 91109-8099
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Stimulated Brillouin scattering with both pump and Stokes beams in resonance with whispering
gallery modes of an ultra high Q CaF2 resonator is demonstrated for the first time. The resonator
is pumped with 1064 nm light and has a brillouin lasing threshold of 3.5 µW . Potential applications
include optical generation of microwaves and sensitive gyros.
PACS numbers: 42.65.Es,42.60.Da,42.70.Mp
Stimulated Brillouin scattering (SBS), which produces
a reflected Stokes beam in a fiber ring resonator, may be
viewed as a lasing process. In this case, scattering of light
by an acoustic wave provides gain. While scattering may
be a power limiting factor in fiber communications, Bril-
louin lasers have several attractive features. Many Stokes
components may be generated in a cascade, with thresh-
olds below 1mW. Simultaneous detection of these com-
ponents may generate microwaves in 10–100GHz range.
An interesting feature of the fiber Brillouin lasers is the
linewidth narrowing effect, where the Stokes line may
be narrower than the pump laser line by a factor of up
to 104. Relative intensity noise is also reduced in these
lasers. Thus applications of Brillouin fiber ring lasers
[1] include rotation sensing [2], linewidth narrowing, mi-
crowave frequency generation and high rate amplitude
modulation.
Ultra–high Q whispering gallery mode (WGM) res-
onators [3] enhance the efficiencies of nonlinear processes
by combining strong spatial confinement of light with
long effective optical path. This results in a significant
decrease of threshold for regular lasing, stimulated Ra-
man scattering [4] and other nonlinear processes [5].
Advantages of WGM resonators and Brillouin lasers
imply superb characteristics for a WGM Brilloin laser.
In particular, the linewidth narrowing depends on both
optical and acoustic quality factors of the resonator [1]:
∆νStokes =
∆νpump
(1 + piγB
ΓC
)2
, (1)
where γB is the Brillouin gain bandwidth and ΓC is the
optical loss rate of a cavity. Brillouin gain bandwidth
in fluorite material is 12.2MHz [6], and resonators with
quality factor on the order of 1011 were recently demon-
strated in our lab. Thus linewidth narrowing factors on
the order of 2 × 108 may be possible. If the pump laser
linewidth is 5 kHz, the expected Brillouin laser linewidth
is just 30 µHz. Mixing two Stokes from the same cavity
could produce microwave signal with narrow linewidth
∆νmicrowave =
√
∆ν2B1 +∆ν
2
B2 = 42 µHz. Theoretical
analysis shows [7], that a laser locked to a crystalline cav-
ity may have good stability. Hence a crystalline WGMR
based Brillouin laser could be used for compact opti-
cal frequency standards, sensitive gyro and microwave
generators. It should be noted, however, that at room
temperature the linewidth of the Stokes component will
be limited by noises caused by temperature fluctuations
in the resonator material. If SBS were to be observed
in fused silica WGM resonators, the linewidth reduc-
tion ratio would be limited to 3 × 106 by the maximum
achieved optical Q factor. Silica resonators also require
isolation from the air and do not support spectrum tai-
loring, which is available for crystalline resonators.
Even though bulk Brillouin gain generally exceeds Ra-
man gain, SBS is generally believed not possible in the
ultra–high Q solid state microresonators. There would
be no WGM present at a Brillouin offset to support the
Stokes beam. The SBS Stokes offset is generally around
tens of GHz and the gain bandwidth is only a few tens
of MHz. While the free spectral range (FSR) of WGM
microresonators is typically in the hundreds of gigahertz.
In addition, the acoustic frequency has to be resonant
with one of the mechanical modes of the microresonator,
otherwise the acoustic wave interferes destructively with
itself. Finally, the pump mode, the Stokes mode and
the acoustic mode must have a non-vanishing overlap in-
tegral. Modes with close frequencies in microresonators
generally do not overlap in space. In crystals, speed of
sound depends on direction and polarization of the wave,
making it harder to fulfil the resonant conditions in crys-
talline microresonators. This situation is alleviated in
either fiber ring resonators, where FSR is comparable to
the Stokes offset, or in low Q liquid microdroplets where
optical resonance covers both pump and Stokes frequen-
cies [8]. Microdroplets, however are not fiber compatible,
while fiber ring resonators are large.
In this paper we show that SBS can occur in ultra–high
Q millimeter–scale WGM resonators. In such resonators
FSR becomes comparable to the Brillouin Stokes shift.
We present the first ever observation of an efficient SBS
in a CaF2 WGM resonator and show that SBS can be ei-
ther enhanced or suppressed by manipulating the modal
structure of the optical resonator.
Two ultra high Q single-crystal CaF2 WGM res-
onators, shown in Fig. 1, were fabricated. Cavity 1 was
fabricated with a UV-grade fluorite from Edmund Optics
2and had a larger radius of curvature as compared to the
cavity 2, which was made with an excimer–grade fluo-
rite from Corning. A Nd:YAG laser with 5 kHz linewidth
manufactured by Lightwave Electronics was used to ex-
cite WGMs at the wavelength of 1064nm. The diam-
eters of the resonators were determined from the FSR
highlighted by multiple Raman Stokes lines observed at
1102nm. The spectra of the resonators contain an abun-
dance of WG modes with the average spacing of 25MHz
for both polarizations. The laser frequency was locked to
FIG. 1: Fluorite resonators. WGM localization areas are
highlighted with the white brackets on the left. Shadow pho-
tographs of the highlighted regions are on the right. Diame-
ters are 5.52mm for cavity 1 and 5.21mm for cavity 2.
a selected cavity mode using a simplified Pound–Drever–
Hall technique. A signal generator was used to provide
the excitation for the resonant phase modulator. This
signal was also used to synchronize the lock–in amplifier
SR844 which operated as a frequency mixer and servo.
This technique made it possible to maintain a fixed op-
tical power in the cavity.
Alignment of the angle-polished fiber couplers
mounted onto the three–axis piezo positioning stages pro-
vided input and output coupling efficiencies of up to
80%. The light that was scattered backwards by the WG
mode was branched into the arm of a 90/10 fiber cou-
pler. The setup schematically shown in Fig. 2 was used
to measure the power and spectral properties of both
forward and backward beams with a Yokogawa AQ6319
optical spectrum analyzer (OSA) and a Thorlabs detec-
tor DET10C. A WGM was excited with approximately
50µW of optical power in a measurement conducted with
the first resonator. The spectrum of light from coupler
B (Fig. 3-a) contains a Stokes line offset by 34.9GHz and
a weak Stokes line offset by 17.5GHz. Neither stim-
ulated Raman scattering (SRS) nor four-wave mixing
(FWM) oscillations were observed in this measurement.
When the pump power was further increased, two groups
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FIG. 2: Experimental setup diagram. Laser is locked to a
cavity mode. Optical power in the fiber can be monitored in
forward and backward directions.
of Raman lines appeared around 1101.8–1102.3nm and
1142.4–1142.9nm. A set of similar measurements was
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FIG. 3: a) Output of the cavity 1, coupler B. Low power at the
spectrum analyzer is due to undercoupling. Frequency shift
is 17.5GHz for the weak Stokes and 35GHz for the strong
Stokes line. b) Backward signal from output C for second
resonator. Stokes offset is 18GHz for the first and 35.5GHz
for the second line. The width of each line is limited by the
optical spectrum analyzer resolution of 0.012 nm.
made with the second cavity. The excited WGM had a
coupling efficiency of 70%, loaded Q factor of 4×109 and
an intrinsic Q of around 1.4 × 1010. The spectrum of
the backscattered light is shown on Fig. 3-b. To deter-
mine threshold, pump power was reduced to 2.9µW be-
low which the first Stokes line was still present but weak.
Above this power the intensity of the Stokes line jumps
by around 10 dB and grows quickly with further pump in-
crease. Hence, the threshold of the SBS is around 3µW .
At pump power well above 10µW Raman lasing was ob-
served in the second cavity as well. The Raman spec-
trum is shown on Fig. 4. For the second cavity we also
carried out simultaneous measurements of the forward
and backward optical spectrum using couplers B and C
(Fig. 5). The asymmetry of the spectra may be explained
by the residual power leakage between inputs 2 and 1 of
the 90/10 coupler, increasing the backward signal at the
pump wavelength. The spectra of our resonators had no
observable resonance splitting, which means that only a
minor amount of Rayleigh scattering is present for any
given WGM. The excitation of a WGM at 1064nm cre-
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FIG. 4: Cascaded Raman lasing observed at pump power
above 10 µW in the second cavity. Intensity modulation re-
sembles Brillouin spectrum near the pump wavelength.
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FIG. 5: Typical optical spectra from couplers B and C, rep-
resenting forward and backward signals. Stokes offset is 17.7
GHz.
ated a Stokes line offset by 17.5GHz, which propagated in
the direction opposite to the pump, as seen on the Fig. 3-
b. This backscattered beam creates a cascaded Stokes
component red-shifted by another 17.5GHz propagating
in the same direction as the pump beam (Fig. 3-a). A
small feature at the double offset on Fig. 3-b may be ex-
plained as Rayleigh scattering from the second Stokes
line visible at Fig. 3-a. The weak feature at Fig. 3-a
may also be understood as Rayleigh scattering from the
first Stokes line seen at Fig. 3-b. These two Stokes lines
modify the Raman gain in the resonator, which leads to
the SRS spectrum with modulated intensity as seen in
the Fig. 4. Given the OSA resolution of 0.012nm and
the wavelength repeatability of 0.002nm, or 1GHz, we
conclude that the two offsets of the observed Stokes lines
are multiples of 17.7GHz. This corresponds to Brillouin
scattering by longitudinal phonon branch of fluorite, as
we show below.
Let us compute the Brillouin offset in a CaF2 WGM
resonator. We model the WGM as a toroid with axis
along the (1,1,1) crystalline orientation. The phonon
lifetime τph ≈ 0.08 µs is inverse of the spectral width
of the SBS gain, which is 12.2MHz in fluorite [6]. The
roundtrip time of the sound wave in the resonator is
2πa/Vs = 2 µs. Thus phonons do not form standing
waves and SBS in millimeter–sized resonators is similar
to scattering in bulk. To find the frequency offset of
the SBS we need to know the direction of the light wave
vector in the WGM with respect to the crystalline axes.
The propagation direction of the electromagnetic wave is
given by the following vector:
k =
(
cosφ√
6
− sinφ√
2
,
cosφ√
6
+
sinφ√
2
,−
√
2
3
cosφ
)
, (2)
where φ is the azimuth angle, representing different
points along the resonator circumference. The geometry
of our system allows back scattering only, so the Stokes
beam has a wave vector k′ ≃ −k. The wave vector for
the phonons participating in the scattering is q = k′−k,
so the unit wave vector of the sound is ~κ = −k. CaF2
is a cubic crystal described by three independent elastic
constants. From the specifications of our fluorite sam-
ple we have: C11 = 1.6420, C12 = 0.4398, C44 = 0.3370
[×1011 Pa]. Substituting these values into the set of equa-
tions presented in [9] we numerically find the frequency
shifts of the Brillouin Stokes components as a function
of angle φ for three different elastic waves (see Fig. 6).
Computations were carried out in “Mathematica” and
“Maple” software packages. Only one solution has a fre-
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FIG. 6: Characteristic frequency of the acoustic wave as a
function of the azimuth angle in a resonator.
quency shift that depends weakly on the azimuth an-
gle. The standard deviation is 40MHz for this case, with
112MHz peak–to–peak frequency change. The other two
elastic waves have a standard deviation of frequency of
about 400MHz. Therefore, the 17.7GHz branch has the
maximum probability of exciting the stimulated process
in the resonator. This prediction supports our experi-
4mental observations. Further analysis shows that polar-
ization of the phonons is nearly collinear with their wave
vector in the case of the 17.7GHz branch. Hence, the ob-
served SBS process results from the interaction of light
and longitudinal sound wave.
In the ideal case of spectrally singular pump and Stokes
optical beams, the bulk Brillouin line–center gain gb can
be estimated as (see Eq. 8.3.24 of [10])
gb =
γ2eω
2
2πnVsc3ρΓB
, (3)
where we assume that Stokes and pump wavelengths
are equal: λSj = λp = 2πc/ω. The electrostrictive
constant is γe = [ρ(∂ǫ/∂ρ)]S ≃ 0.7 [11], the fluorite
refractive index at λ = 1µm is n = 1.429, the den-
sity ρ = 3.18g/cm3 and the speed of sound is Vs =
[(C11 + C12 + 2C44)/(2ρ)]
0.5 = 6.6 × 105 cm/s. Thus,
the value of the bulk Brillouin gain for CaF2 is equal to
gB = 2.8 × 10−9 cm/W and is two orders of magnitude
larger than the bulk Raman gain gr = 2.4×10−11 cm/W .
The SBS threshold power for the first Stokes line can
be computed similarly to the Raman lasing case:
Pth =
π2n2
gbQpQS1
V
λpλS1
. (4)
Selecting realistic values for a 5mm cavity, V = 5 ×
10−6 cm3, Qp = QS1 = 10
9, λp = λS1 = 1 µm, we ob-
tain Pth ≃ 3.6 µW , which is close to the experimentally
observed values.
The first ever observation of an SBS in high-Q whisper-
ing gallery mode resonators,to the best of our knowledge,
was presented. We provided theoretical analysis verifying
our experimental results. The observation of doubly res-
onant SBS in miniature optical WGM resonators enables
ultra–narrow linewidth Brillouin lasers for sensitive op-
tical gyros and stable microwave signal generation. The
record high optical Q factor, mechanical stability and ro-
bustness of the crystalline WGM resonators make them
naturally attractive elements for such application.
Since Brillouin lasing may be detrimental in other ap-
plications of crystalline WGM resonators, a method for
suppressing SBS would be valuable. Tailoring the res-
onator spectrum represents one such solution. A single
mode fluorite resonator was fabricated with Q factor ap-
proaching 109 and diameter of 5mm. This cavity had an
FSR of around 11GHz and no modes were present at the
Brillouin offset. No SBS was observed in this cavity.
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